Summary. The theory, causes, observations, and possible applications of seismic anisotropy in the Earth have developed considerably since the previous state of the art paper was published in 1977. The behaviour of waves in layered anisotropic media is now much better understood and the evidence for seismic anisotropy indicates that anisotropy is likely to be present throughout much of the crust and upper mantle. The top few hundred kilometres of the mantle appears to be anisotropic with the orientations aligned by the present or palaeo stress-field. The upper part of the crust is frequently anisotropic, probably due to cracks differentially aligned by the non-lithostatic stresses. The possibility of being able to monitor crack geometry by seismic techniques opens a wide range of applications in currently important activities.
2 observation which are likely to have a major effect on the development of anisotropy in the future. The first is the recognition that wave propagation through rock with aligned cracks can be simulated by propagation through homogeneous anisotropic rock which has the same velocity variations (and possibly variations of attenuation) as the cracked rock (Crampin 1978 (Crampin , 1981 (Crampin , 1984b . Since the upper brittle sections of the crust (and also possibly the deeper crust and the upper mantle) are pervaded by distributions of cracks, which are preferentially aligned by non-lithostatic stress, crack-induced anisotropy is probably very common in the Earth. The second important development is the increasing recognition that polarization anomalies are very sensitive diagnostics of anisotropy, and convey a large amount of information about the degree of anisotropy and its symmetry and orientation.
Observations of seismic anisotropy provide information about the mineralogy, and internal structure of the anisotropic rock, and the orientation of the stress field that aligned the anisotropy when it was last fixed. This opens a new range of techniques for investigating the Earth and a new range of parameters for describing in situ material that may be estimated from remote seismic observations. This present state of the art paper cannot refer to all work on anisotropy since 1977, but attempts to indicate the wide range of observations and applications, and places the contents of this issue in the correct setting.
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Notation
The terms anisotropy and seismic anisotropy have been used in two quite distinct ways in the seismological literature referring both to transverse isotropy (hexagonal anisotropic symmetry with a vertical symmetry axis), and also to more generally oriented anisotropic symmetry with azimuthal variation of properties. There are many similarities between the behaviour of seismic waves in isotropic and in transversely isotropic media. In both cases, wave motion in the sagittal plane (the P-, SV-and Rayleigh-wave motion) decouples from the horizontal transverse motion (the SH-and Love-wave motion) in plane-layered structures. The seismic behaviour in such structures can be described by comparatively simple analytical expressions. The behaviour of seismic waves in more generally oriented anisotropic media, where there are azimuthal variations of properties, is much more complicated: the sagittal and horizontal-transverse motions do not decouple, and properties must be calculated numerically by referring to the full range of elastic constants or to complicated functions of direction cosines. These fundamental differences between the properties of transversely isotropic and azimuthally anisotropic solids mean that it can be misleading to speak of anisotropy when meaning transverse isotropy. Consequently, we repeat the recommendation of Bamford & Crampin (1977) that the term transverse isotropy should be used only for hexagonal symmetry-systems when the symmetry axis is normal to the free surface, and that anisotropy (or sometimes azimuthal anisotropy) be reserved for all other symmetry systems and for other orientations of hexagonal systems.
We shall frequently refer to anisotropic anomalies or polarization anomalies. We use these expressions to indicate phenomena characteristic of propagation in anisotropic structures which would not be expected in corresponding isotropic structures. Thus anisotropic anomalies can be considered as diagnostic of the presence of anisotropy along the path traversed by the wave.
We shall refer to the vertical plane through the direction of phase propagation (the P and SV plane in a horizontally stratified structure) as the sagittal plane and use the term sagittal symmetry when the sagittal plane is a plane of mirror symmetry.
Seismic anisotropy -the state of the art 3 3 Theory Advances in our understanding of propagation in uniform layered anisotropic solids have been achieved in recent years principally as a consequence of extensive numerical experimentation with computer programs. Synthetic seismograms, in particular, give valuable insights into the behaviour of seismic waves in complicated models which would be difficult to obtain in any other way. Some of the theoretical insights and numerical techniques are reviewed by Crampin (1981) . These results demonstrate that the behaviour of P-waves is modified by anisotropy in subtle ways which are difficult to recognize on seismograms. Only when accurate velocity measurements can be made for propagation in many directions over one homogeneous anisotropic plane can the effects of anisotropy on P-waves be easily separated from the other effects of a complicated Earth structure. h i s o t r o p y has much more distinctive effects on shear-wave propagation. In particular, shear-wave splitting, also known as shear-wave birefringence and shear-wave double refraction, writes characteristic signatures into three-component shear wavetrains (Crampin 1978 (Crampin , 1981 (Crampin , 1984a . These signatures are not easily recognized in conventional displays of seismic records as parallel playouts of individual seismic components, nor are they apparent in con-\,entional analysis, which is why the essentially anisotropic character of much of the top few hundred kilometres of the Earth has not been recognized earlier. These signatures are most readily displayed in shear-wave polarization diagrams: three mutually perpendicular sections of the particle motion for successive time intervals. A few polarization diagrams of three-component shear wavetrains may convey more information about the anisotropy along the ray path than analysis of multi-path P-wave arrival times. However, polarization diagrams require digital (or digitizable) three-component recordings of, usually short-period instruments, and these are not commonly available. A further difficulty is that the polarizations of shear waves incident at a free surface are seriously modified by S to P conversion, phase changes, and the generation of phases precursory and subsequent to the main shear-wave arrival, particularly at incidence beyond a critical angle of about 35" (Booth & Crampin 1984) .
Anisotropy also has distinctive effects on the particle motion of surface waves where the sagittal and transverse motion (the Rayleigh-and Love-wave displacements, respectively) are coupled together. Numerical experiments demonstrate that the presence of anisotropy in the upper mantle should lead to observable coupling in surface waves in both continental (Crampin &r King 1977) and oceanic (Kirkwood & Crampin 1981a) structures for those modes which have most of their energy at the depth of the anisotropy in the particular continental or oceanic model of the mantle.
A characteristic property of waves in anisotropic media is that, in general, the propagation of energy deviates both in velocity and direction from the direction of the phase propagation. This means that the behaviour of waves from point sources, with approximately spherical wavefronts, is very different from the behaviour of plane waves. The behaviour of compressional and shear waves with spherical wavefronts is only now being examined as programs for the calculation of synthetic seismograms from point sources become available. There are now a number of techniques for calculating synthetic seismograms from point or line sources through anisotropic media. This issue includes outlines of three methods for calculating the characteristics of wave propagation in inhomogeneous anisotropic media: applications of ray methods by Petrashen & Kashtan (1984) and by Cerven? & Firbas (1984) ; and a method based on separation of variables and finite differences by Martynov & Mikhailenko (1 984). Martynov & Mikhailenko (1 984) use their technique for calculating synthetic seismograms in a uniform transversely isotropic halfspace and show the behaviour of shear-wave propagation at cusps in the shezr-wave group-velocity surfaces. However, transverse isotropy can be developed from simple equations and White (1 982) has calculated synthetic seismograms in transversely isotropic media (including propagation through shear-wave cusps) by integrating over analytical expressions, which are not available for more general anisotropy. Booth & Crampin (1983a, b) have extended the reflectivity technique of Fuchs & Muller (1 971) , for calculating synthetic seismograms from point or line sources in plane layered models, to include layers with general anisotropy, and estimated the effects of an anisotropic upper mantle on shear-wave splitting. Current computing limitations have restricted integration to wave numbers in one vertical section only, thus assuming there is negligible divergence of the energy from the sagittal plane. This is much less restrictive than requiring sagittal symmetry but does limit the calculation to models in which the divergence of the energy out of the sagittal plane is small. The effective limitation is that propagation through shear-wave singularities (Crampin 198 1, 1984a ) must be treated with caution.
The fundamentally different behaviour of wave propagation in anisotropic solids from propagation in isotropic solids is demonstrated by these numerical experiments suggests that conventional seismic techniques, which essentially determine the P-wave velocity structure assuming an isotropic structure, are not the most appropriate way to investigate anisotropy in the Earth. The polarization anomalies of shear waves and surface waves are much more diagnostic of the presence of anisotropy and carry much more information about the degree of anisotropy and the anisotropic alignments. In recent years, there has been increasing recognition of the importance of polarizations anomalies for investigating anisotropy in the Earth.
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A range of phenomena may cause rocks to display effective seismic anisotropy so that the propagation of seismic waves through the rock can be simulated by propagation through comparatively simple anisotropic models. The effective anisotropy may be strongly dependent on wavelength if it is due to the average properties of aligned or partially aligned heterogeneities. Thus a material which displays anisotropy for long wavelengths may merely show the effects of individual heterogeneities at shorter wavelengths.
For convenience, we may divide materials possessing some form of seismic anisotropy into three basic classes:
I N H E R E N T , O R I N T R I N S I C , A N I S O T R O P Y
A solid has inherent anisotropy when it is homogeneously and continuously anisotropic down to the smallest particle size. There are two principal sources of inherent anisotropy:
Ctystalline anisotropy
Crystalline anisotropy occurs when the individual (anisotropic) crystals in a crystalline solid have preferred orientations over a volume sufficiently large to affect the transmission of seismic waves. The anisotropy observed in the upper mantle is caused by preferred orientations of olivine (and possibly orthopyroxene) crystals which have pronounced anisotropy. At high temperatures, crystals can be oriented by a number of temperature-dependent mechanisms in the presence of the long-enduring stresses associated with plate movements and convection currents. The principal mechanisms, in order of decreasing temperature and (usually) decreasing depth are: settling (differentiation) out of a liquid melt under gravity; recrystallization; and plastic deformation. It is difficult to place a limit on the greatest depth at which crystal alignments are likely to be found in the mantle. Some form of crystalline material probably exists throughout the whole mantle. Such crystals will be aligned by the ambient stress, and the multi-crystalline material will possess seismic anisotropy if the individual crystals have sufficient velocity anisotropy and if the axes of the velocity coincide with the axes of the stress-induced orientation.
Direct stress-induced anisotropy
The elastic behaviour of an initially isotropic solid becomes anisotropic when acted on by sufficiently large stresses (Dahlen 1972; Nikitin & Chesnokov 1984) . However, the stresses required to cause anisotropic effects in seismic wave propagation are probably too great to cause observable seismic anisotropy i' n the Earth (Dahlen 1972 ) except, possibly, immediately adjacent to a potential earthquake where other sources of anisotropy are likely TO dominate the elastic behaviour (Evans 1984) . We suggest that direct stress-induced anisorropy is seldom likely to be the dominant source of anisotropy. In most circumstances, existing microcracks in rocks (and other solids) are likely to open and be aligned by deviatoric stresses at levels well below those at which direct stress-induced anisotropy would be expected (see Sections 4.2 and 5.2).
There are other causes of seismic anisotropy which may be classified as inherent because They are effective for very short wavelengths.
Lithologic anisotropy
A sedimentary solid has lithologic anisotropy when the individual grains, which may or may not be elastically anisotropic, are elongated or flattened and these shapes are aligned by gravity or fluid flow when the material is first deposited, or by plastic deformation thereafter. The well-known transverse isotropy of clays (Brodov et al. 1984) and shales (Kaarsberg 1968; Robertson & Corrigan 1983 ) is probably lithologic anisotropy resulting from aligned grains.
A fourth possible cause of inherent anisotropy (which has not yet been identified in the Earth) may be:
Palaeomagnetic seismic-anisotropy
Fine magnetic particles deposited under water take up the alignment of the Earth's magnetic field. If the magnetic directions in the particles coincide with axes of the velocity anisotropy of the elastic structure of the particles the magnetic alignments will also cause seismic anisotropy.
In practise, the anisotropy of many materials may be caused by a variety of mechanisms ihat may be difficult to separate. Thus the transverse isotropy of clays (Brodov et al. 1984) may be caused by aligned crystal particles, aligned particle shapes, or aligned magnetic particles.
C R A C K -I N D U C E D A N I S O T R O P Y
When an otherwise isotropic rock contains a distribution of inclusions, such as dry (vapourfiied) or liquid-filled cracks or pores which have preferred orientations, the resulting 6 material will have effective seismic anisotropy. Propagation through cracked rock can be simulated by propagation through a homogeneously elastic (or possibly attenuative) anisotropic solid which has the same variations with directions as the cracked rock (Crampin 1978 (Crampin , 1981 (Crampin , 1984b . Since the crust of the Earth is pervaded by cracks and is subjected to non-lithostatic stresses, these cracks are likely to be preferentially aligned by a variety of stress-induced processes, including subcritical crack growth (Atkinson 1979; Crampin, Evans & Atkinson 1982 , so that crack-induced anisotropy is probably the major cause of seismic anisotropy in the Earth's crust, We suggest that the recognition of the importance of such crack-induced anisotropy is probably the single most important development in anisotropy since 1977.
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L O N G -W A V E L E N G T H A N I S O T R 0 P Y
Long-wavelength anisotropy occurs when propagation through arrangements of isotropic layers of isotropic blocks may be simulated by propagation through a structurally simpler anisotropic solid. The best known long-wavelength anisotropy is propagation through regular sequences of thin isotropic layers:
Periodic thin-layered (PTL) anisotropy
Many authors (Riznichenko 1949; Postma 1955; Backus 1962; and others) have demonstrated that the propagation of long-wavelength seismic waves through such PTL solids may be modelled by propagation through homogeneous elastic solids with hexagonal anisotropy symmetry (transverse isotropy) with five elastic constants. The theory of such PTL solids has received a great deal of attention in exploration seismology (including Helbig 1984 and and there have been a few laboratory experiments (including some elegant experiments by Zykov, Lyakhovitskiy & Chervinskaya 1984) , but there are no published examples of anisotropy from reliably identified PTL rocks in the field (see Puzyrev et al. 1984) .
Other examples of long-wavelength anisotropy that may be appropriate for some regions of the Earth can be devised. For example,
Chequer-board (CB) anisotropy
Long-wavelength surface waves, normal modes, and long distance body-wave travel times through a structure (a CB solid) consisting of a chequer-board of two types of isotropic block over an isotropic mantle will be approximated more accurately by a transversely isotropic layer than by isotropic plane layers (see Section 5.1).
Effective seismic anisotropy may be caused by a variety of phenomena only one class of which, inherent anisotropy, is uniformly anisotropic down to the smallest grain size. Other classes of seismic anisotropy, particularly crack-induced anisotropy and longwavelength anisotropy, are anisotropic only for seismic signals with longer than a minimum wavelength. However, because seismic propagation in such effectively anisotropic solids is fundamentally different from propagation in isotropic materials, the effects of anisotropy may be present for a wider range of wavelengths than would be expected from purely isotropic considerations (Crampin 1978) . (However, note that isotropic propagation can be affected by far smaller structural features, relative to the wavelength, than is generally supposed, see Widess 1973 .) Levshin & Ratnikova (1984) demonstrate these effects very clearly. They show how body waves in PTL structures and surface waves in structures with lateral discontinuities display anisotropic effects for signals with wavelengths short relative to the scale of the isotropic discontinuities.
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The angular variations of properties will distinguish the symmetry system of an effectively anisotropic medium, and this symmetry may be characteristic of the cause of the anisotropy. However, in principle no analytical or observational distinction can be made between the behaviour in these various classes of seismic anisotropy. The effective anisotropy of a homogeneous solid must belong to one of the seven classes of elastic anisotropic symmetry (Crampin 1981 (Crampin , 1984a .
Note that all classes of anisotropy, except for the long-wavelength PTL and CB anisotropies, are more or less directly aligned by the existing or palaeo stress-field. Crystals are aligned by the position of the physical characteristics of the crystals adjusting to the stress constraints as they crystallize out of liquid melt, or as they are reoriented by processes of creep or recrystallization. Similarly, the cracks in crack-induced anisotropy will be aligned by stress, either when the cracks are first opened or later by continued crack growth. Even the lithologic and PTL anisotropies can be considered as being oriented by the gravity field. This dependence on stress means that observations of anisotropic alignments can be interpreted in terms of the stress field prevalent when the anisotropic alignments were fixed.
Observations of seismic anisotropy
Over the last few years, there has been a large increase in the number of observations implying anisotropy in the Earth (far too many to list individually). These observations have been of both anisotropic anomalies directly visible on the seismic wavetrain, usually after some simple manipulative processing, and anisotropy indicated by subsequent analysis. These have come from a wide variety of regions and a wide variety of experimental and observational techniques.
U P P E R -M A N T L E A N I S T R O P Y
In 1977 observations of upper-mantle anistropy were limited to a number of studies of P,-wave velocity anisotropy beneath oceans following the pioneer observations of Hess Extending these earlier studies Bamford, Jentsch & Prodehl(l979) and Vetter & Minster (1981) have observed P,-wave velocity anisotropy in Western USA, and Kirkwood & Crampin (198 lb) have found anisotropy-induced polarization anomalies in surface waves crossing the Pacific Ocean.
It is now widely accepted that the anisotropy of the upper mantle is primarily controlled by aligned crystals of olivine or orthopyroxene. Upper mantle rocks at the surface show consistent crystal alignments with velocities and seismic anisotropy comparable to those found from seismic observations of the upper mantle (Peselnick & Nicolas 1978; Christensen & Salisbury 1979; Christensen 1984) . There is also evidence from ultramafic nodules originating from as deep as 200km that similar alignments are preserved deep into the mantle (see, for example, Peselnick, Lockwood & Stewart 1977) . This petrological evidence is now supported by indications of seismic anisotropy being present in some regions to large depths in the upper mantle. The deepest level at which anisotropy has been suggested is immediately above the 650 km discontinuity where Kosarev, Makeyeva & Vinnik (1984) find anomalous P to SH conversions by stacking teleseismic P-wave arrivals at the NORSAR array. There are a number of observations suggesting anisotropy in the top 100 or 200 km of the upper mantle, and Shimamura (1984) found azimuthal differences in long seismic profiles beneath the Pacific Ocean east of Japan which he attributes to anisotropy in the top 120 km of the mantle. Fuchs (1983) suggests that long seismic profiles in Germany indicate recently aligned azimuthal anisotropy increasing with depth for 35 km beneath the Moho, which he depicts as an anvil-shaped anisotropic velocity model. Fuchs' interpretation is critically dependent on the analysis of one long profile and supporting experiments are required to confirm the model. analysed many thousands of P-wave residuals from ISC earthquake locations. They find that the direction and magnitude of the P-wave traveltime residuals generally vary slowly from station to station especially across North America and Europe. Once the static station corrections have been removed, the azimuthal variations are remarkably consistent with very little scatter. There are some well-marked features, such as the fast direction in Southern California being parallel to the direction of movement of the Pacific plate, and fast directions radiating from the Alpide belt in Europe. It is clear that the 1983 paper is an important development with many implications for anisotropy extending deep into the upper mantle. Kogan (1981 Kogan ( , 1984 finds similar results but uses very much smaller data sets.
There are other less direct indications of anisotropy, such as the suggestion of Leven, Jackson & Ringwood (1981) that the high-velocity zone between 200 and 250km in the mantle beneath Australia, indicated by a long refraction profile, can only be due to preferred orientations of olivine since the average velocity of olivine would be much less. Since crystalline olivine has three mutually orthogonal symmetry planes, this implies that the velocities in the direction perpendicular to the profile are as much below the average velocity as those aIong the profile are above. Crampin (1977) and Meissner & Fluh (1979) also suggest that the fine layering in the mantle indicated by refraction profiles is caused by different alignments of olivine crystals, with similar implications for azimuthal variations.
However, the observations which show upper-mantle anisotropy most clearly on seismic records are the shear-wave splitting observations of Ando, Ishikawa & Wada (1980) and Ando & Ishikawa (1982) . They show classic examples of shear-wave splitting in shear waves from intermediate-depth earthquakes beneath Japan. The shear waves have nearly vertical incidence at the free surface and avoid the complications of wide angle interaction with the free surface (Booth & Crampin 1984) . Singh (1983) finds similar, but much less clear, examples of shear-wave splitting in teleseismic shear-wave arrivals in North America.
The above observations are believed to be of inherent anisotropy almost certainly caused by aligned crystals. There are also observations which probably display long-wavelength anisotropy. Dziewonski & Anderson (198 1) inverted a large data set of approximately 1000 normal mode periods, 500 travel-time summaries, and 100 Q values to determine a Preliminary Reference Earth Model. They found that transverse isotropy (with five elastic constants) in the upper 200 km of the mantle gave a significantly better fit to the normal mode data, teleseismic travel times, and Rayleigh-and Love-wave dispersion for periods more than 70 s, than was possible with multi-layered isotropic models. One important finding of this first experiment inverting for tranverse isotropy was that the low-velocity zones, required by previous inversions for isotropic structures of global and regional data, were no longer required. These inversions average out azimuthal variations . We suggest that part of the anisotropy found in these studies is longwavelength chequer-board (CB) anisotropy, where the two types of block are the regions of continental and oceanic structure. This is particularly likely to be the case as the normal Seismic anisotropy -the state of the art 9 mode data are global averages and the majority of the travel-time data are restricted to observations on one type of region, the continental blocks, so that the observations are very selective in the parts of the Earth that they sample. These studies are important for inversion of large data sets and indicate that, even for global averages, transverse isotropy can give significantly better fits to observations; however, they are unlikely to give any information about inherent anisotropy or its orientation,
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A N I S O T R O P Y I N T H E C R U S T
In this section we report observations of anisotropy in the crust not related t o the specific applications discussed in the following section.
Azimuthal variation of body-wave velocities in the crust are sometimes reported (Dorman 1972) , but widespread velocity anisotropy is not observed, even though geological evidence shows alignments over scales varying from microscopic to continental. The absence of velocity anisotropy is principally due to the lateral and vertical inhomogeneities present in the crust making variations of velocity with direction difficult to observe (Koshubin, Pavlenkova & Yegorkin 1984) , although sometimes velocity anisotropy can be inferred from detailed comparisons of velocities in different directions (Maslova & Obolentseva 1984) .
Velocity anisotropy of aligned crystals, which cause the velocity anisotropy in the upper mantle, is small in crustal rocks even when preferred orientations are present in crystals which themselves are anisotropic. Babuska (1984) suggests that this is because the axes of velocity anisotropy in the individual crystals do not coincide with the axes of the alignment taken up under stress. This is in contrast to olivine-rich ultramafics from the mantle where the axes do coincide and multi-crystal rocks with preferred orientations show marked velocity anisotropy. Some crustal rocks, such as shales which can occur in large thicknesses, do display transverse isotropy, and regular sequences of thin layers are often claimed to cause long-wavelength PTL transverse isotropy. However, heterogeneities make P-wave velocity anisotropy of transversely isotropy symmetry difficult to observe in the crust.
It appears that azimuthal anisotropy in the crust, particularly at shallow depths, is frequently the result of the alignment of cracks or other inhomogeneities. Igneous rocks contain microcracks (Simmons & Richter 1976) , which are frequently aligned by stress (Nur & Simmons 1969; Babuska & Pros 1984) , and sedimentary rocks have joints and fractures, which often possess consistent alignments over very large areas (Engelder 1982) and can display marked velocity anisotropy in small-scale experiments (Crampin, McGonigle & Bamford 1980b) . It is frequently assumed that lithostatic pressure will close all cracks below 1 or 2 k m in the crust. However, there is considerable evidence from a number of sources that distributions of liquid-fiied cracks and pores may exist deep in the crust (Brace 1980 ). Crampin, Evans & Atkinson (1982 suggest that such liquid-filled cracks will be aligned by subcritical crack growth. Their hypothesis is based on laboratory experiments by Atkinson (1979) showing that stress-corrosion causes subcritical crack growth in tensile (Mode I) fractures parallel to the maximum compressive stress. This will occur in rocks subjected to deviatoric stresses at very low strain rates.
In the absence of widespread seismic anisotropy, the most appropriate technique for examining anisotropy of comparatively small features in the crust is likely to be shear-wave splitting (Crampin 1984a ). However, shear-wave observations at the surface of the Earth impose some severe restrictions. Shear waves arriving at a free surface at angles of incidence greater than a critical angle of about 35" are complicated by phase changes, mode conversions, and the generation of phases precursory and subsequent to the main shear-wave arrival (Booth & Crampin 1984) . This behaviour produces differences between the radial, transverse, and vertical displacements that can easily be misinterpreted as anisotropy-induced shear-wave splitting. Only at incidence angles less than critical can the arrival time, waveform, and polarization of the incident shear-wave be easily estimated from the behaviour at the surface. Thus a minimum requirement for shear-wave observations is three-component recordings and even the arrival times of shear phases read from single-component traces are suspect.
It appears that three-component recording is more frequently employed in the Soviet Union than elsewhere, and shear-wave splitting is frequently observed in exploration seismics recorded at the surface (Polshkov ef al. 1980; Brodov er al. 1984; Puzyrev er al. 1984) . Such arrivals on (unrotated) three-component traces are often classified as SH or SV and transverse isotropy assumed even when there is an azimuthal variation, although it is recognized that the axis of symmetry is not vertical (Puzyrev er al. 1984) .
The complications of shear-wave free-surface interactions can be avoided by recording subsurface. Three-component vertical seismic profiles (VSPs) frequently display shear-wave splitting (Brodov er QI. Gal'perin 1977 and private communication) . Some of the first published examples of three-component subsurface recordings in the West are those of Robertson & Corrigan (1983) . They display classic examples of shear-wave splitting recorded from shear-wave vibrators at various offsets above three-component geophones at 175 and 430ft in homogeneous shale. (Note that the traces in fig. 7 of Robertson & Corrigan are from 5" to 75", not 10" to 80" as labelled -Robertson, private communication.) Such shear-wave splitting can be a very sensitive indicator of anisotropy, and is most sensitive when the differential delays between the split shear-waves, along the ray paths through the anisotropy, amount to half a cycle in time or half a wavelength in distance (Crampin 1978) . It can be confidently expected that shear-wave splitting will be commonly observed if threecompon&nt VSPs become routine.
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C A U T I O N
Care must be used in interpreting inferred structures resulting from the use of inappropriate inversion techniques. For example, there are three common misinterpretations of isotropic surface-wave inversions: deducing the presence of anisotropy from incompatible isotropic Rayleigh-and Love-wave inversions; assigning depth and degree of anisotropy from isotropic Rayleigh-and Love-wave inversions; and requiring particular features, such as low-velocity zones, to satisfy isotropic inversions. Mitchell (1984) shows that previous Rayleigh-and Love-wave inversion incompatibility in North America can be resolved by multi-layered isotropic models without the need to invoke anisotropy. Kirkwood (1978) has demonstrated that even when anisotropy is correctly identified by isotropic Rayleigh-and Love-wave incompatibility the inferred depth of the anisotropy and the degree of velocity anisotropy may be significantly in error, and that the resulting inversions are sensitive to the starting models. show that the low-velocity zone in the upper mantle which is frequently, but not invariably, required by isotropic inversions is absent when some anisotropy is permitted in the structure.
On a smaller scale, Doyle, McGonigle & Crampin (1982) show that, if local earthquakes in an anisotropic structure are located by programs assuming isotropy, both focal depth and epicentre may be systematically mislocated while still given apparently satisfactory residuals and error estimates.
Possible applications
Stress-induced cracking and stress-aligned cracks are comparatively common phenomena, and the ability to use seismic waves to monitor crack density and crack geometry offers a Seismic anisotropy -the state of the art 11 number of possibly important applications. Some of the possible applications are listed below. However, this section is speculative and none of the applications has yet been confirmed. They have not been realized because investigations of (azimuthal) anisotropy require new techniques including new instrumentation (three-component sensors, which are still not commonly deployed), new analysis of new parameters (such as polarization anomalies), and new modelling techniques for demonstrating the sort of behaviour to be expected, which may well be outside the experience derived from isotropic propagation. Note that if the anisotropy is transverse isotropy the investigations are very much simpler, and modifications of isotropic developments will often suffice, whereas (azimuthal) anisotropy usually requires completely new techniques.
ASSESSING C H A N G E S O F S T R E S S
.I Earthquake prediction
Rocks in the crust are pervaded by cracks and in stressed rock these cracks will be differentially aligned by deviatoric stresses long before the stress reaches the intact fracture strength. Such aligned cracks will display seismic anisotropy so that the effects of the stress may be monitored by the effects of the crack-induced anisotropy on seismic waves. Crampin et al. (1982, 1984) suggest that such extensive dilatancy anisotropy (EDA) provides the driving mechanism for the large range of precursors that have been observed before some earthquakes. Shear-wave splitting has been observed in some regions (Yegorkina et al. 1977; Crampin et al. 1980a; Bezgodkov & Yegorkina 1984; etc) . However, the interpretation is complicated for surface recordings by the behaviour of shear waves incident at wide angles which is currently being investigated (Booth & Crampin 1984) and realistic analyses have not yet been completed.
Several types of observations would lend support to EDA. The spatial variation of shearwave delays should be similar to those of the underlying crack distribution. Bezgodkov & Yegorkina (1984) have observed such delays, which could be the result of the shear waves propagating through a system of parallel vertical cracks. The spatial variation of the shearwave polarizations should be compatible with the anisotropy displayed by the delays. Such observations have not yet been attempted. However, the most decisive observation would be to demonstrate that the delays vary with time before an earthquake. This has not been observed, although Vp/ V, anomalies, which have been observed before some earthquakes (reviewed by Lukk & Nersesov 1982) , can be interpreted in terms of crack-induced anisotropy (Crampin 1978) , and Silaeva (1984) finds variations in ultrasonic P-wave velocities varying with time in a stressed region.
If the hypothesis of EDA is confirmed before earthquakes, similar phenomena would be expected to be associated with:
Reservoir-induced seismicity
Reservoir-induced seismicity has many characteristics similar to those of natural earthquakes.
Rockbursts and outbursts in mines
Some differences may be expected in mines as the cracks are likely to be comparatively well-drained, and advancing workfaces may move rather more rapidly than most tectonic processes before earthquakes.
6.2 ASSESSING C R A C K D I S T R I B U T I O N S
Hot-dry-rock (HDR) geothermal heat reservoirs
One of the principal techniques available for estimating the distribution of cracks in HDR reservoirs is by the analysis of acoustic events recorded downwell on three-component geophones during hydraulic fracturing. Present methods (Fehler 1981 ; Pearson 1981) treat the cracks as discrete inclusions in an isotropic medium. The effects of the large vertical hydraulic cracks may be modelled by discrete features, but the thermal contraction cracks normal to the hydraulic cracks, which provide the major heat exchange of the HDR system, form an effectively anisotropic envelope (with hexagonal symmetry) to the reservoir. Parallel water-filled cracks form a very efficient waveguide for shear-waves, and channel waves in an effectively anisotropic waveguide appear to be the dominant feature of many seismograms recorded downwell. Correct analysis assuming anisotropy will provide more accurate locations of acoustic event (and hence of crack positions), and the characteristics of the anisotropy a measure of the density, orientation, and separation of the cracks.
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InvesTigations in coal seams
Seismic waves can be used to assess the characteristics of coal seams ahead of long-face mining operations. Many coal seams are pervaded by stress-aligned cracks and are effectively anisotropic to seismic waves. Current techniques (Buchanan, Jackson & Davis 1983) recognize this anisotropy, and use body-wave and channel wave arrival times to estimate the structure. As with HDR reservoirs, analysis of channel waves in the remarkably low-velocity anisotropic waveguides formed by coal seams may yield characteristics of the seams that cannot be easily obtained in any other way.
Cracking associclted with heat sources
Heat-induced cracking is being investigated with particular reference to radioactive waste disposal. Outside the region of concentrated heat, where the cracking is likely to be very complicated, the cracks will tend to align parallel to the direction of maximum compressive stress and the effect of this effective anisotropy must be allowed for in the interpretation.
Assessing crack and pore orientations in hydrocarbon reservoirs
Hydrocarbon reservoirs usually have preferred directions of flow controlled by the orientations of cracks and pores within the strata. These orientations can be estimated seismically by shear-wave splitting recorded in VSPs. This should allow preferred directions of flow to be estimated at an early stage in the development of an oil or gas field.
Conclusions
The widespread occurrence of effective seismic anisotropy, hitherto largely unsuspected, may modify the behaviour of almost every wave that penetrates the lithosphere (although the effects on P-waves appear to be small). These anisotropic anomalies should be viewed, not as awkward complications to the interpretation of an essentially isotropic earth, but as a means of estimating a whole new range of parameters describing the in situ structure of otherwise inaccessible layers. The most important applications appear to be in estimating the alignments of crystals and the alignments of cracks, but there may well be other uses.
Seismic anisotropy -the state of the art 13 The previous section reviewed a few of the possible practical applications of investigations of crack-induced anisotropy. Cracks are very common and there are many other applications for investigating cracks and inherent anisotropy in the crust and upper mantle. Almost all of these applications depend on shear-wave splitting for investigating anisotropy of limited extent. Assumptions that the Earth consists of isotropic shells and blocks have been remarkably successful in describing the gross features of the Earth and the behaviour of normal modes, long-period surface waves, and P-wave arrival times. This is because these waves are all rather insensitive to the small variations caused by anisotropy within the Earth. Shear-waves and polarization anomalies are much more sensitive to anisotropy, and appear to open a new range of techniques for investigating the detailed structure of the materials within the Earth. This paper is likely to be the last state of the art paper. Evidence for anisotropy is now accumulating so fast over almost the whole range of seismological studies that future reviews of anisotropic developments will need to be much larger documents.
